The absorption and metabolism of dietary nucleic acids have received less attention than those of other organic nutrients, largely because of methodological difficulties. We supplemented the rations of poultry and mice with the edible alga Spirulina platensis, which had been uniformly labeled with '3C by hydroponic culture in 13CO2. The rations were ingested by a hen for 4 wk and by four mice for 6 days; two mice were fed a normal diet and two were fed a nucleic acid-deficient diet. The animals were killed and nucleosides were isolated from hepatic RNA. The isotopic enrichment of all mass isotopomers of the nucleosides was analyzed by selected ion monitoring of the negative chemical ionization mass spectrum and the labeling pattern was deconvoluted by reference to the enrichment pattern of the tracer material. We found a distinct difference in the 13C enrichment pattern between pyrimidine and purine nucleosides; the isotopic enrichment of uniformly labeled [M + 9] isotopomers of pyrimidines exceeded that of purines [M + 10] by >2 orders of magnitude in the avian nucleic acids and by 7-and 14-fold in the murine nucleic acids. The purines were more enriched in lower mass isotopomers, those less than [M + 3], than the pyrimidines. Our results suggest that large quantities of dietary pyrimidine nucleosides and almost no dietary purine nucleosides are incorporated into hepatic nucleic acids without hydrolytic removal of the ribose moiety. In addition, our results support a potential nutritional role for nucleosides and suggest that pyrimidines are conditionally essential organic nutrients.
The total daily requirements from all sources for purines and pyrimidines in human adults have been estimated to range between 450 and 700 mg/day (1, 2) . The metabolic need for these nucleosides in healthy individuals is presumed to be met by de novo synthesis, although there is little in vivo information to support this belief. In addition to de novo synthesis of both the base and monosaccharide portions of the nucleosides, many cells possess efficient mechanisms for the recovery of nucleosides after hydrolytic breakdown of nucleic acids. The existence of these pathways, in principle, enables the use of nucleotides or nucleosides ultimately derived from the diet. For example, the cells of the intestinal mucosa have been shown to use preformed purine and pyrimidine bases (3) , and supplementation of the diet with nucleosides has been shown to advance the growth and maturation of the developing small intestine (4) .
Whether there is a dietary "requirement" for nucleosides remains an open question. Little evidence is available to suggest that de novo synthesis and salvage pathways are inadequate in healthy well-nourished individuals to replace the daily losses of these molecules. Nevertheless, cellular immunity is decreased in animals that consume purified nucleotide-free diets (5) . Resistance to infection in such animals is reduced and tolerance of allografts is increased. The absorption and utilization of nucleosides present in the diet, however, have proved difficult to estimate in a formally quantitative manner.
We have recently used a method based on the ingestion of a uniformly 13C-labeled alga that enables us not only to identify the incorporation of intact dietary organic nutrients but also to detect the synthesis of nutritionally dispensable amino and fatty acids (6) . In the present paper, we report the application of this method to investigate the absorption and metabolism of dietary nucleic acids. The results indicate that dietary pyrimidines and purines have different metabolic fates and are incorporated into hepatic nucleic acids to markedly different extents.
MATERIALS AND METHODS
Tracer Material. The prokaryotic blue-green alga, or cyanobacterium, Spirulina platensis, is a ubiquitous microorganism (7, 8) , which contains 60-65% protein, 11% lipids, 15% carbohydrates, and <5% nucleic acids in its dry matter when grown in the laboratory (8) (9) (10) . RNA has been reported to represent 2.2-3.5% of the dry weight, whereas DNA represents 0.6-1% (10) (11) (12) . In the present study, the alga was grown in a closed system bioreactor under conditions in which the sole source of carbon was highly enriched (>99%) 13C02 (11, 12) .
All organic molecules in the resulting biomass, including the nucleosides, are virtually uniformly 13C labeled.
Animal Feeding Trials. Chicken experiment. The uniformly labeled S. platensis was combined with corn and other dietary components to produce chicken feed. The composition of the feed was as follows (by weight): corn, 77.26%; salt, 0.12%; limestone, 4.016%; dical, 2.72%; vitamin premix, 0.033%; trace mineral premix, 0.033%; choline chloride, 0.087%; soybean oil, 1.87%; S. platensis (lyophilized alga), 13.83%; tryptophan, 0.025%. The feed was offered to a laying hen (DeKalb White Leghorn) for 27 days. The average feed intake was 100-120 g per day. At the end of the feeding period, the hen was killed, and its internal organs and carcass were individually deep frozen at -70°C. Data on the labeling of plasma and protein-bound amino acid labeling from this animal have been reported (6) 8] isotopomers of the pyrimidines were also observed. Unlabeled isotopomers ranged from 50% to 60% in both the purines and pyrimidines. The reverse pattern was found in isotopomers < [M + 5]; these were substantially more enriched in the purines. The results suggested that endogenous synthesis accounted for -98% of the newly incorporated adenosine and guanosine, whereas 85% of the cytidine and 87% of the uridine incorporated into nucleic acids had not been synthesized by the hen and must have arisen from the diet.
Although the shorter duration of the labeling period resulted in a lower overall isotopic enrichment of the murine than galline nucleic acid nucleosides, the qualitative pattern of labeling was similar (Table 2) 9] isotopomers of the pyrimidines to be higher in the nucleic acids isolated from the mice that received the nucleic acid-free diet. There was still no significant incorporation of uniformly labeled purine nucleosides. 
DISCUSSION
Intracellular nucleosides and nucleotides used as precursors for nucleic acid synthesis, sources of "high-energy" phosphate, intracellular monosaccharide carriers, and intracellular regulatory molecules can, in principle, be derived from four sources: (i) incorporation of preformed nucleosides or bases transported from the extracellular space and, hence, possibly from the diet; (ii) recycled nucleotides released after nucleic acid degradation; (iii) resynthesis of purine nucleosides via the so-called salvage pathway; and (iv) incorporation from pools of bases and ribose synthesized de novo within the cell.
Digestion of dietary nucleic acids leads to generation of nucleotides, nucleosides, and free bases (17, 18) , and there is evidence for the existence of specific transport systems for absorption of both bases and nucleosides (19, 20) . The present results demonstrate that significant quantities of pyrimidine nucleosides derived from the diet were incorporated into hepatic nucleic acids. In the chicken, at least 30% of the pyrimidines in the hepatic nucleic acid pool had been derived from the diet and, because 80% of the 13C in the [M + 8] and [M + 9] isotopomers of the pyrimidines was present as the [M + 9] form, they had been incorporated without hydrolytic cleavage of the base from the ribose moiety. This finding was reported many years ago, although the data were less formally quantitative (21) .
This method of expression, however, underestimates the contribution of dietary nucleosides to new nucleic acid synthesis because at the start of the experiment the nucleic acids were unlabeled. An estimate of this can be obtained from the contribution of the 13C in these two isotopomers to total '3C incorporated. The result of this calculation suggested that in the hen -85% of the pyrimidine nucleotides incorporated into newly synthesized nucleic acid had derived from dietary nucleosides. A somewhat lower (22-27%) proportion of the murine nucleic acid synthesis had utilized dietary pyrimidine nucleosides, but their contribution was nutritionally significant. In contrast to these results, virtually none of the purine nucleosides in nucleic acid were present as [M + 9] and [M + 10] isotopomers, even after 27 days of labeling. At most these isotopomers accounted for 3% of the total incorporation of 13C. This result is in keeping with earlier and more indirect methods based either on the excretion of purine metabolites after ingestion of purine nucleosides (22) or on the use of 15N from yeast nucleic acids (23) .
While incorporation of the [M + 8], [M + 9], and [M + 10] isotopomers allows unequivocal identification of the incorporation of dietary nucleosides, the labeling patterns in lower mass isotopomers enable us to draw tentative conclusions with respect to the relative contributions of the alternative pathways by which purines and pyrimidine nucleotides are produced.
The first concerns incorporation of dietary bases and ribose, as opposed to nucleosides. Because both the purine bases and the ribose in the spirulina nucleic acids were present largely as the [M + 5] isotopomers, entry from the diet of either precursor into the nucleosides via the salvage pathway (24) would lead to the appearance of [M + 5] isotopomers of the purine nucleosides. These isotopomers were labeled in both the avian and murine nucleic acids, although the enrichment was relatively low. 13C in [M + 5] isotopomers of adenosine and guanosine accounted for only 6% and 4% of the total 13C incorporated into the avian hepatic nucleic acids. The apparent contribution of dietary bases and/or ribose via the salvage pathway was somewhat higher in the mice and it appeared that more guanosine had derived from the salvage pathway (17% and 9% of total 13C incorporation in the N+ and N-groups, respectively) than adenosine (5% and 6% for the N+ and Ngroups). Even so, the majority (83-94% in the hen and 80-94% in mice) of both the base and the ribose of the purine nucleosides have been synthesized de novo.
Consideration These results suggest that in both species ribose and uracil derived from the diet are incorporated into tissue nucleic acids. This conclusion would be in keeping with the recent observation that the immunological benefit of the inclusion of nucleic acid in the diet can be reproduced merely by addition of uracil alone (25) .
We were also surprised to detect label in the [M + 4] isotopomers of the purine nucleosides. The likelihood that [M + 4] purines could arise from synthesis de novo is very low and we believe that the majority of the [M + 4] isotopomer represents incorporation of labeled ribose. We come to this conclusion by the following reasoning.
In the present experiments, labeled ribose arises from two sources: absorption from the diet and synthesis from glucose. The latter pathway will yield ribose with a mass isotopomer distribution that is a reflection of that of glucose. Thus, [ (Table 3 ).
The present results suggest that the pathways followed by dietary nucleosides differ markedly between the pyrimidine and purine bases. Dietary pyrimidine nucleosides make a highly significant contribution to the hepatic pyrimidine pool, while apparently little or no dietary purine nucleosides are used for synthesis of hepatic nucleic acids. Furthermore, there appears to be significant incorporation of dietary uracil but not cytosine. Whether the same applies to the nucleic acids of the gut or immune system, however, remains an open question. We propose that the distinct difference may arise from the fact that ATP and GTP, and their metabolites (c)AMP and (c)GMP, are involved in so many key aspects of cellular metabolism and function that their respective pool sizes are strictly regulated and perturbations in these pools arising from differences in dietary composition must be minimized.
Apart from the biochemical insights generated by these results, they have general nutritional importance. Human milk contains large quantities of nucleosides (3), and the mixture contains a disproportionately large contribution of cytidine and uridine (26) (27) (28) . Provision of preformed nucleosides has been reported to benefit cellular proliferation of the gut (3, 4) and has led to development of infant formulas, which contain preformed nucleotides (29) . The present results strongly suggest that adding purine nucleotides to infant diets would have little influence on the purine status of infants. On the other hand, the addition of dietary pyrimidines might have an important effect on the pyrimidine base and nucleoside economy of the growing child.
